In this study, the second harmonic generation due to the contact nonlinearity caused by bolt loosening is studied experimentally and numerically using three-dimensional explicit finite element simulations. In particular, it is demonstrated that the magnitude of the second harmonic generation normally increases with the loosening of the bolted joint, and there is a reasonable agreement between the numerical simulations and experimental results. The finite element model, which was validated against the experimentally measured data, is further utilized to investigate an important practical situation when a loosened bolt is weakened by fatigue cracks located at the edge of the hole. The numerical case studies show that the contact nonlinearity and the change of the behaviour of the second harmonic generation with the tightening level are very different to the corresponding results with the fatigue cracks. This identified difference in the second harmonic generation behaviour can serve as an indicator of the bolted joint integrity and thus provide early warning for engineers to make decision on the necessity of carrying out further safety inspections. Overall, the findings of this study provide improved physical insights into second harmonic generation for bolt loosening, which can be used to further advance damage detection techniques using nonlinear guided waves.
Introduction
In the last two decades, different nondestructive evaluation (NDE) techniques and damage detection methods 1 have been developed and applied to detect damages, for example, visual inspection, 2 eddy current, 3 thermography, 4 conventional ultrasonic, 5 vibration techniques [6] [7] [8] and guided wave technique. 9, 10 Among these methods, guided wave inspection has proven its advantages over the conventional NDE techniques and damage detection methods, 11 such as its ability to inspect large area, capability of evaluating inaccessible structural components in structures, high sensitivity to small damages and potential to develop online structural health monitoring (SHM) systems through transducer networks.
Guided waves for damage detection
Guided waves have attracted significant research interest due to their ability to propagate in different types of structures, such as beam, 12 rod, 13 plate [14] [15] [16] and pipe. 17, 18 In recent years, many studies using linear or nonlinear guided waves have been carried out and they focused on different damage types and materials. 19, 20 For linear guided waves, Sohn 21 used the mode conversion technique to detect a notch on an aluminium plate. A reference-free damage detection method was introduced. Santos et al. 22 employed guided waves to characterize the interface texture of two-layer concrete slabs. Numerical simulation studies were carried out to investigate the feasibility and performance of the proposed method.
1
As compared with linear features of guided waves, the nonlinear features have attracted increasing attention due to their ability to detect both contact nonlinearity of cracks 23 and plasticity-driven damages 24, 25 at impercipient level. In general, the linear features of guided waves usually require reference data to extract the damage-related information for damage detection. But the varying operational 26, 27 and environmental conditions 28, 29 can significantly affect the accuracy of extracting the damage-related information using the reference data. Different to linear features of guided waves, the nonlinear features are potential to be developed as a reference-free damage detection technique. 30 Pruell et al. 31 studied the plasticity-driven nonlinearity using the second harmonic generation (SHG) due to phase and group velocity matching of the first and second symmetric modes of Lamb wave. They found that with larger plastic deformation, the acoustic nonlinearity induces larger magnitude of higher harmonic. Soleimanpour et al. 32 numerically and experimentally investigated the SHG due to contact nonlinearity at delamination in laminated composite beam. Various damage scenarios about different delamination layers and sizes were considered in their study. Lim et al. 33 investigated the binding conditions for nonlinear guided wave generation. Their study considered both propagating wave and stationary vibration. An aluminium plate specimen with a fatigue crack was used in their experimental studies. The binding conditions to generate modulated guided wave signals and sidebands were studied using both high-and low-frequency excitations. Yang et al. 34 investigated the SHG of the Lamb waves at fatigue crack in an aluminium plate. Three-dimensional (3D) finite element (FE) simulations and experiments were carried out to gain physical insights into the SHG phenomenon during fatigue crack. They also extended the work to investigate the SHG under practical situations, such as effect of the crack opening under the applied loading condition and incident wave angle on the SHG. 35 
Detection of damage for bolted joints
Research on the detection of contact-type damage with nonlinear guided waves has attracted significant attention in recent years. The contact-type defects such as fatigue crack or delamination are the sources of contact nonlinearity phenomena contributing to the generation of the second-order harmonics. Another common type of structural deficiency related to the contact nonlinearity is the loosening of a bolted joint. The bolted joint is an essential component in many structures, for example, wind turbines, bridges and framed buildings. Bolt loosening is one of the major concerns for engineers. 36 The loss of torque in one or more bolts can significantly decrease fatigue life of bolted joints. 37, 38 When bolt loosening occurs, the friction between the lapped areas of the joint reduces due to the decrease of the clamping force contributed by the bolts. In this situation, the applied load is directly transferred from one plate to the other through the contact area between the bolt and plates and this causes a stress concentration at the edge of the bolt hole. 39 When the structure is subjected to alternating loading, fatigue cracks can be developed at the edge of the bolt hole. Therefore, reliable and cost-efficient nondestructive techniques capable of detecting the bolt loosening and fatigue crack of bolted joint at critical load bearing structural components are essential for safety and integrity of a wide range of engineering structures.
Linear guided wave for detecting bolt loosening. There were a number of studies focused on the detection of bolt loosening using linear guided waves. Wang et al. 40 investigated the relationship between the signal energy and applied torque levels at bolted connections. It was found that the wave energy propagated through the connection increases with the applied torque. In another study, Wang et al. 41 proposed a time reversal method using the linear guided wave signals to monitor the bolted joints. An experimental study was carried out to investigate the relationship between the peak amplitudes of the time reversal-focused signal and the bolt preload. However, the linear guided waves have some issues that need to be addressed before being applied in practical situations. For examples, as mentioned before, the linear features of guided waves are sensitive to temperature changes. 42, 43 Moreover, the boundary reflection of the linear guided waves within the lapped areas at the bolted connection would affect the linear features utilized in the detection algorithms of bolt loosening. 44 Nonlinear guided wave for detecting bolt loosening. Different to linear features, the nonlinear features of guided waves are more robust for structures with complex geometry 45 and under varying temperature conditions. One of the most commonly used nonlinear features of guided waves is SHG due to the contact nonlinearity. This phenomenon can be described by contact acoustic nonlinearity (CAN). 46 When the guided wave interacts with a contact-type damage, such as fatigue crack and bolt loosening, repetitive collisions between contact surfaces occur. During the collisions, the compressive and tensile pressures of the wave close and open the contact surfaces, respectively. However, only the compressive pressure of the wave can transmit through the closed contact surfaces. Therefore, after the incident wave interacted with the contact surfaces, the wave shape is rectified nearly half-wave. The higher harmonics are generated due to this nonlinear waveform distortion. This phenomenon is schematically illustrated in Figure 1 . 25 Biwa et al. 47 used bulk waves to study the SHG due to the variation of contact pressure between two separate aluminium blocks at the contact interface. They found that the amplitude of the second-order nonlinear parameters decreases with the contact pressure. The study suggests that the SHG of the bulk wave is sensitive to the change of contact pressure between two contact surfaces. The bolt loosening causes a loss of contact pressure at the interface of a bolted joint so the nonlinear features can be used to detect bolt loosening at the bolted connections. In the study carried out by Lee and Jhang, 48 although it focused on detecting the fatigue crack in an aluminium block using the SHG of an ultrasonic bulk wave, they also experimentally investigated the closing effect of the fatigue crack. They found that the magnitude of the applied pressure is inversely proportional to the magnitude of the SHG. This means that the contact nonlinearity reduces with the increasing torque contributed by the bolt and vice versa. However, the safety inspection using bulk wave is only able to provide a localized assessment for structures. In practical situation, most of the structures have inaccessible areas. It is difficult to inspect these inaccessible areas using the bulk wave. Different to bulk wave, the guided wave propagates along the structure, which can cover a large inspection area and can be used to inspect inaccessible locations.
In the literature, there were several studies investigating the feasibility of using the SHG of guided waves to detect bolt loosening. For example, Amerini and Meo 49 studied the effect of bolt loosening and tightening at the bolted connection using nonlinear guided waves. They showed that the spectral amplitude difference between the carrier frequency (A 1 ) and the second harmonic frequency (A 2 ) in the bolt loosening condition is much lower than that in the tightening condition. They proposed a hyperbolic tangent function to predict the spectral amplitude difference for different magnitudes of the torque applied at the bolt. However, defining the damage index related to A 1 may involve some problems, as the wave reflection and contact pressure would significantly affect the amplitude of the linear wave. 44 They also suggested that there is no clear change of damage index when the magnitude of the applied torque increases beyond around 6 Nm, which means that the proposed damage index may not be able to provide early detection of bolt loosening.
This study is different from the previous research efforts published in the literature. It deals with the characteristics of SHG when a loosened bolt connection is weakened by fatigue cracks. The latter represents a typical practical situation, which is of a main concern for engineers as discussed above. This study provides comprehensive numerical and experimental insights into the complex contact nonlinearity caused by the combination of bolt loosening and fatigue cracks. These insights could further advance the nondestructive techniques for integrity monitoring of the bolted joints using nonlinear guided waves.
This article is organized as follows. Sections 'Experiment' and '3D explicit FE simulations' describe the setup of the experiment and the 3D FE model of bolted connections, respectively. Then, the experimental and FE simulation results are discussed in detail in section 'Results and discussion'. This section employs the experimentally verified 3D FE model to investigate the SHG when a loosened bolt is weakened by fatigue crack located at the edge of the bolt hole. Different levels of bolt loosening are investigated using the experimentally verified 3D FE model. Finally, conclusions are drawn in section 'Conclusion'. 
Experiment

Experimental specimens
The experimental study considered a single-lap connection and a T-joint connection as shown in Figure 2 (a) and (b), respectively. The lengths of the specimens are relatively short so that it can also demonstrate that the proposed nonlinear guided wave approach is applicable to the situation having wave reflections from the boundaries, which indicates that it is hard to be handled using the linear guided wave approach in section 'Linear guided wave for detecting bolt loosening'. The first specimen is a single-lap connection as shown in Figure 2 (a). The specimen consists of two 5-mm-thick plates with the in-plane dimensions of 50 mm 3 24 mm. The second specimen is a T-joint connection (Figure 2(b) ), which consists of two 5-mm-thick plates with the in-plane dimensions of 70 mm 3 24 mm and 24 mm 3 24 mm, respectively. Both specimens are made of G250 mild steel and the material properties are shown in Table 1 . An M10 steel bolt was used to connect the two steel plates of each specimen. A torque wrench with electronic readings was used to tighten the bolt and measure the magnitude of the applied torque. The minimal torque that can be measured by the torque meter is 6.8 Nm and the sensitivity of the measurement is 62%.
Actuating and sensing guided wave
Rectangular piezoceramic transducers (Ferroperm Pz27) with 6 mm 3 12 mm in-plane dimensions and 2 mm thickness were bonded to the surface of the plate by conductive epoxy. These piezoceramic transducers were used to excite and receive the wave signals. The material properties of the transducers are listed in Table 2 . Figure 3 shows a schematic diagram of the experimental setup. A computer-controlled signal generator (NI PIX-5412) was used to generate the excitation signal, which was a narrow-band 10-cycle sinusoidal tone burst pulse modulated by a Hanning window. Excitation frequencies of 50 and 200 kHz were considered in this study. The excitation signal has a peak-to-peak output voltage of 10 V and was amplified by a factor of four using an amplifier (KROHN-HITE 7500) before it was sent to one of the transducers. The other transducer was used to measure the wave signals on the specimen. The measured signals were then digitized by a data acquisition system (NI PXIe-5105). The quality of the measurements was improved by averaging the signals with 64 acquisitions.
Experimental observation of SHG due to bolt loosening
The torque level was increased stepwise from 8 to 20 Nm in steps of 2 Nm. The experimental process was repeated independently 10 times for each specimen and the excitation frequency, respectively. The measured 200 kHz wave signal at the single-lap joint specimen with torque equal to 8 Nm is shown in Figure 4 . Figures 4(a) and (b) show the measured time-domain signal and the frequency-domain signal processed using fast Fourier transform, respectively. As shown in Figure 4 (b), besides the SHG at the frequency of 2f, there are also other higher order harmonics, for example, third (3f) and fourth (4f) harmonics. But the focus of this study is to investigate the feasibility of using SHG to detect bolt loosening. The extracted SHG amplitude, A 2 , against the magnitude of applied torque for all 10 tests are summarized in Figures 5 and 6 . Figures 5 and 6 show the averaged results for the single-lap joint and T-joint, respectively. The error bars are calculated at different applied torque magnitudes (levels).
The results indicate that the averaged SHG amplitude generally decreases with the increasing applied torque. For cases considering single-lap joint and T-joint with 50 kHz excitation frequency (Figures 5(a) and  6(a) ), compared to loosened bolt, the SHG amplitude decreases by more than 60% when the bolt is tightened. When the 200 kHz excitation is used, the SHG amplitude of the tightened bolt is only reduced by about 10% in the bolt loosening condition (Figures 5(b) and  6(b)) . The results also demonstrate that the magnitude of SHG for the single-lap joint in the bolt loosening condition is larger than that for the T-joint, especially for the case when 50 kHz incident wave is used.
The following are the possible reasons that contribute to the observed features of the SHG behaviour with the change of the torque level, as well as the variation of the results:
1. The wave in the single-lap joint is transmitted through the bolted area and interacts with the two plates. The contact behaviour at the interface has a significant impact on the wave signals. Between each individual test, the contact characteristic at the interface can be quite different, especially when the bolt is loosened. Thus, the amplitude of the SHG has larger fluctuation in the bolt loosening condition. For the T-joint specimen, the wave energy can pass through the bolted area without any interaction at the interface; therefore, the amplitude of the SHG is smaller than that in the single-lap joint specimen in the bolt loosening condition. Also, the variation of the SHG for the single-lap joint is larger than that for the T-joint. 2. The actual contact pressure at the bolted joint does not vary linearly with the applied torque. At each time the torque is applied in the experiment, there may be a small slip between the washer and plate, the top plate and base plate, and the bolt and washer. Therefore, this changes the effective contact area and would result in different clapping behaviours and magnitudes of friction force. 3. As the bolt hole is normally designed to be slightly larger than the diameter of the thread, the gap and the contact area between the bolt thread and the plates can vary in different tests. Obviously, this can affect the measured amplitude of the SHG induced by contact nonlinearity. 4. The measurement error of the torque meter and rounding error of data acquisition process could influence the variation of the SHG in the measured data.
3D explicit FE simulations
FE modelling of bolt loosening
The configurations utilized in the experimental study were modelled using the 3D explicit FE method. ABAQUS/CAE was used to model the specimen geometry and loading/contact conditions as shown in Figure 1 . In the FE model, only the plates and washer of the specimens were modelled and the effect of the bolt tightening was modelled by applying pressure on the washer. The schematic diagrams of the FE models are shown in Figure 7 . The dimensions of the FE models are exactly the same as those of the specimens used in the experiment. The specimens were modelled using eight-node linear brick elements with reduced integration (C3D8R). Hourglass control was used to ensure The interaction between the plates at the joint location was modelled by 'hard' normal interaction and frictional tangential interaction with the friction factor of 0.5. 50 The excitation signal and excitation frequencies are the same as those used in the experiment, which is a narrow-band 10-cycle sinusoidal tone burst pulse modulated by a Hanning window, and at 50 and 200 kHz. The guided wave was generated by applying nodal displacement at the top edge of the piezoceramic transducer, and the propagating waves were measured using the strain of an element. The bolt tightening condition was modelled by applying evenly distributed pressure on the washers. The magnitude of the pressure is determined by
where P is the pressure, T is the torque applied on the bolt, k is the torque coefficient, d is the nominal diameter of the bolt and A is the area of the washer. k = 0.2 is usually used for steel bolts. 36 In this study, the pressure on the washer is applied through a quasi-static loading using 'smooth step' in ABAQUS to avoid inducing any shock wave on the specimens due to sudden loading condition. The FE simulation of the bolt loosening includes two steps: (1) the washers are loaded using the dynamic explicit procedure with smooth loading to avoid the transient effect in applying the pressure, and then (2) guided waves are excited and SHG is induced due to the interaction between the incident wave and the joint with bolt loosening.
Results and discussion
FE-calculated and experimentally measured SHG due to bolt loosening Figure 8 shows the FE-calculated and experimentally measured amplitude of SHG, which is normalized by the averaged value of A 2 at different torque levels of the corresponding case. The averaged experimental results of the 10 individual tests are also shown in Figure 6 . It is evident that, for both excitation frequencies, the amplitudes of the SHG decrease with the increasing torque. Meanwhile, the variation and trend of the experimental and FE-calculated results are very similar. The results indicate that the FE model is capable of providing a reasonable prediction of the SHG for the bolt with different levels of the applied torque.
Effect of excitation frequency
As shown in the experimental and FE results, the selection of excitation frequency plays an important role in detecting the bolt loosening level. Also, the wave modes of the guided wave generated by the piezoceramic transducer highly depend on the excitation frequency. In this section, the wave motion of the excited guided wave is investigated to determine the efficiency of different wave modes in SHG due to bolt loosening.
In the literature, 51, 52 it has been shown that the 3D FE simulation can accurately predict the linear wave propagation in both isotropic and composite materials. This study employs the 3D FE model to investigate the 50 and 200 kHz linear wave propagation to reveal the dominant wave mode at each excitation frequency. The model has the same thickness, width, material properties and distances between the actuator and measurement points as the FE models described in section 'FE modelling of bolt loosening', except that the length of the model is extended to 1 m to avoid the wave reflected from the boundaries. The model is shown in Figure 9 . Since the guided wave propagation is a local phenomenon, the only difference between the extended length model and the model shown in Figure 7 is the wave reflected from the boundaries.
Both the in-plane and out-of-plane displacements are measured at the measurement point as shown in Figure 10 . It is observed from Figure 10 that the out-ofplane displacement of the 50 kHz guided wave is at least two times larger than that of the 200 kHz guided wave. This is because the dominant wave mode is the fundamental antisymmetric mode (A 0 ) at 50 kHz. However, both 50 and 200 kHz guided waves have a very similar magnitude of in-plane displacement.
Based on the results presented in section 'FE calculated and experimentally measured SHG due to bolt loosening', the A 0 guided wave, which has dominant out-of-plane motion, is more sensitive to the SHG due to changes of the contact pressure at the bolted joint. This is consistent with the findings in the previous research. 49 This explains that when 200 kHz is chosen as the excitation frequency, the amplitude reduction of the SHG with the increasing torque is less significant than that of the 50 kHz guided wave.
Effect of fatigue cracks at loosened bolts
As discussed in section 'Introduction', fatigue cracks are very common in bolted joints due to cyclic loading of the structure or due to the change of environmental condition. The fatigue crack would enhance the complexity of the contact nonlinearity and guided wave interaction with the overlapped area at the bolted joints, hence affecting the behaviour of SHG. It has been demonstrated that the 3D FE model is capable of predicting the SHG features due to the interaction of low-frequency guided wave and fatigue crack. 34 The similar methodology will be utilized in this numerical study.
A 3D FE model containing two 3-mm-long fatigue cracks at two sides of the bolt hole is considered in this section. The fatigue cracks are modelled by duplicating the FE nodes at the crack surface areas and the locations are shown in Figure 11 . The measurement is also taken at the same location as the FE model shown in Figure 7 in section 'FE modelling of bolt loosening'. 'Hard' contact is defined between the crack surfaces and a friction factor of 1 is used to model the frictional interaction between the crack surfaces, which also takes into account the rough fatigue crack surfaces in real situation. 34 The features of the SHG at the bolted joint with fatigue cracks are observed at different torque levels. Figure 12 shows the ratio of the second harmonic amplitude obtained from the FE model with the fatigue cracks to the second harmonic amplitude obtained from the FE model of the tightened bolt (intact specimen and the value of the torque for intact bolted joint is 20 Nm), which is defined as
where A 2 is the second harmonic amplitude of the FE model with the fatigue cracks and A 2,T = 20 Nm is the second harmonic amplitude of the intact bolted joint (tightened bolt) when the torque is 20 Nm. The results of the single-lap joint with fatigue cracks are shown in Figure 10 (a). The second harmonic amplitude ratio increases with the applied torque. When the bolt is loosened, part of the wave energy is transferred from the fundamental frequency to second harmonic frequency due to 'the breathing phenomenon' of the wave-crack interaction. But the second harmonic wave generated at the fatigue cracks cannot propagate through the joint with the loosened bolt. While the bolt is tightened, the second harmonic wave due to the fatigue cracks can travel through the bolted joint, and most of the wave energy is transferred from the fundamental frequency to the second harmonic frequency due to contact nonlinearity at the fatigue cracks. However, as described in section 'FE calculated and experimentally measured SHG due to bolt loosening', at the bolted joint, the amplitude of SHG decreases when the applied torque increases. So, in this case, the increase of A 2 due to the fatigue cracks is more significant than the decrease of A 2 due to tightened bolt.
For the T-joint (Figure 10(b) ), when 200 kHz guided wave is used, the variation of the amplitude ratio is similar to that of the single-lap joint. In contrast, when 50 kHz guided wave is used, the second harmonic amplitude ratio decreases when the torque increases.
The reason may be that, for the T-joint, the fatigue crack is located at the same plate of the actuator and measurement point, so the generated second harmonic wave due to fatigue crack is still able to propagate through the bolted joint even if the bolt is loosened. For the 50 kHz guided wave, when the magnitude of the applied torque increases, the variation of the second harmonic amplitude ratio is dominated by the contact nonlinearity at the overlapped area of the two plates.
For the results shown in Figures 8 and 12 , when 200 kHz guided wave is used, the variation of second harmonic amplitude due to increasing torque shows an opposite trend when the fatigue cracks are modelled as compared with the results of the FE model without the fatigue cracks. Meanwhile, when 50 kHz guided wave is used as the incident wave, the variations of the second harmonic amplitude ratio for the single-lap joint with and without fatigue cracks also show an opposite trend. When compared with the T-joint, the trend and variation of the second harmonic ratio for the FE models with and without fatigue cracks are similar to each other. It is possible to use 200 kHz guided wave to detect the damage and distinguish the damage type at the bolted joint by continuous monitoring of the second harmonic amplitude. When the incident wave is generated at 50 kHz, it is only possible to detect damages and distinguish the damage type at the single-lap joint.
Conclusion
In this study, SHG induced by contact nonlinearity due to bolt loosening in the single-lap joint and T-joint has been studied in detail. It has been demonstrated that the FE and experimental results have the same tendency that the value of the second harmonic amplitude for the tightened bolts is smaller than that for the loosened bolts. The study has shown that the use of the guided wave mode with dominant out-of-plane displacements (e.g. A 0 guided wave) can result in a much more distinctive reduction in the second harmonic amplitude and also less variation as compared to the case when the in-plane displacements dominated guided wave mode is used (e.g. the fundamental symmetric mode (S 0 ) guided wave).
The numerical case study using 3D explicit FE simulations has been carried out to investigate the combined effect of bolt loosening and fatigue crack at the bolt hole. Different trends and variations of the second harmonic amplitude against the applied torque and different excitation frequencies have been observed. The results have been compared with the corresponding cases without fatigue cracks. The results have indicated that it is possible to distinguish the situation when the joint with loosened bolt is weakened by the fatigue cracks.
This study focuses on the bolted joint with a single bolt. But in the practical condition the structure component can contain a group of bolts. Future studies can be carried out on full-scale structural components and bolted joint within a group of bolted connections. This will further justify the feasibility of using the SHG in detecting and distinguishing the bolt loosening with and without fatigue cracks in practical situation.
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